Adhesion of motile flagella to the cell body in Trypanosoma brucei requires a filamentous cytoskeletal structure termed flagellum attachment zone (FAZ). Despite its essentiality, the complete molecular composition of the FAZ filament and its roles in FAZ filament assembly remain poorly understood. By localization-based screening, we identified a novel FAZ protein FAZ2. Knockdown of FAZ2 disrupted the FAZ filament, destabilized multiple FAZ filament proteins, and caused cytokinesis defect. We also showed that FAZ2 depletion destabilized another novel FAZ filament protein and several flagellum and cytoskeleton proteins. Further, we identified CC2D and KMP11 as FAZ2 partners through affinity purification, and showed that they are each required for maintaining a stable complex. Finally, we demonstrated that FAZ filament proteins are incorporated into the FAZ filament from the proximal region, in contrast to the flagellum components, which are incorporated from the distal tip. Altogether, we identified two novel FAZ filament proteins and a FAZ filament protein complex, and our results suggest that assembly of the FAZ filament occurs at the proximal region and is essential to maintain the stability of FAZ filament proteins.
Introduction
Trypanosoma brucei is an early branching protozoan pathogen causing sleeping sickness in human and nagana in cattle in sub-Sahara Africa. A trypanosome cell possesses a single motile flagellum composed of a canonical 9+2 microtubular axoneme and an extra-axonemal structure termed paraflagellar rod (PFR) (Ralston and Hill, 2008) . The flagellum, which is nucleated by the flagellar basal body, exits the cell from the flagellar pocket located at the posterior portion of the cell, and attaches to the cell body along most of its length via flagellum attachment zone (FAZ), a specialized cytoskeletal structure consisting of a proteinaceous filament (often referred to as the FAZ filament) and a microtubule quartet that associates with the endoplasmic reticulum (Gull, 1999) . The FAZ filament mediates flagellum-cell body attachment and plays an essential role in positioning the cytokinesis cleavage furrow (Gull, 1999; LaCount et al., 2002; Robinson et al., 1995; Vaughan et al., 2008; Zhou et al., 2011) . Moreover, elongation of the FAZ filament also controls basal body positioning (Absalon et al., 2007) and cell morphogenesis (Zhou et al., 2011) .
Adhesion of the flagellum to cell body in trypanosomes appears to involve proteins from both the FAZ filament and the flagellum (Rotureau et al., 2014; Sun et al., 2013; Vaughan et al., 2008; Zhou et al., 2011) . FLA1, a putative membrane glycoprotein required for flagellum adhesion in T. brucei (LaCount et al., 2002) , associates physically with FLA1BP, a novel trans-membrane protein residing on the flagellum membrane (Sun et al., 2013) . The C-terminal intracellular domain of FLA1 likely associates with FAZ filament proteins, and the N-terminal extracellular domain of FLA1 interacts with the extra-flagellum domain of FLA1BP, thereby mediating flagellum-cell body adhesion (Sun et al., 2013) . Intriguingly, FLAM3, a novel flagellum protein involved in flagellum adhesion, appears to act in the same fashion as the FAZ filament, but on the flagellum side. FLAM3 may constitute a key component of the FAZ connectors that link the axoneme to the FAZ filament (Rotureau et al., 2014) . However, it remains unclear whether a FLAM3-containing filament equivalent to the FAZ filament is formed in flagellum along the adhesion zone and whether FLAM3 physically interacts with FLA1BP or any other protein(s) of similar function. Nevertheless, it is clear that flagellum-cell body adhesion requires extensive interactions between certain structures from both the flagellum and the cell body.
Despite the essential roles of the FAZ filament in flagellum adhesion, the complete molecular composition and the assembly process of the FAZ filament remain poorly defined. Up to date, nine proteins have been localized to the FAZ filament. Six of them have been functionally characterized, five of which (except TbVAP) were found to be essential for FAZ filament assembly and flagellum attachment. Among the nine proteins, FLA1 (LaCount et al., 2002) , FS179 (Oberholzer et al., 2011) , TbVAP (Lacomble et al., 2012) , and FLA3 (Woods et al., 2013) are membrane proteins. Those nonmembrane FAZ filament proteins include FAZ1 (Vaughan et al., 2008 ), CC2D (Zhou et al., 2011 ) and three hypothetical proteins, which remain to be characterized (Morriswood et al., 2013) .
In this report, we seek to identify new FAZ filament proteins and investigate how the FAZ filament is assembled and maintained. We identified two novel FAZ filament proteins, FAZ2 and FAZ8, and the first FAZ filament protein complex formed by FAZ2, CC2D and KMP11. Further, we demonstrated the requirement of each of the three proteins, FAZ2, CC2D and KMP11, for maintaining a stable complex in the FAZ filament and the requirement of FAZ2 to maintain the stability of certain proteins from the FAZ filament, the flagellum, and the cytoskeleton. Finally, we also demonstrated that FAZ filament components are incorporated into the FAZ filament from the proximal base of the FAZ filament near the flagellar pockect, which appears to be opposite to the incorporation of the flagellum component into the flagellum (Bastin et al., 1999) .
Results

Identification of FAZ filament proteins by localization-based screening
Previous comparative proteomics between pure flagellum and flagellum-associated structures including flagellum, basal body, the FAZ and the bilobe structure (Zhou et al., 2010) identified 223 flagellum-associated proteins, some of which are uncharacterized hypothetical proteins and might be components of the FAZ filament. We hypothesized that the FAZ filament is made of essential, large scaffold proteins that form a complex, so we focused on those proteins that have high molecular mass, contain motifs involved in protein-protein interaction, and are essential for cell viability as reported in the previous genome-wide RNAi screen (Alsford et al., 2011) . Based on these criteria, we selected 6 candidate proteins and determined their subcellular localization by epitope tagging at their endogenous locus. One candidate protein (Tb927.1.4310), which has a predicted molecular mass of 183 kDa and contains four C-terminal coiled-coiled motifs, localized to the FAZ filament (Fig. 1A) , as shown by colocalization with FAZ1 and CC2D, two known FAZ filament proteins (Vaughan et al., 2008; Zhou et al., 2011) . We named this protein FAZ2 (Flagellum Attachment Zone protein 2) after FAZ1, the first known FAZ filament protein in T. brucei (Kohl et al., 1999; Vaughan et al., 2008) . FAZ2 appeared to be conserved in T. cruzi and Leishmania, but no homolog was found outside the kinetoplastids.
FAZ2 RNAi causes flagellum detachment and defective cytokinesis
To investigate the function of FAZ2, RNAi was carried out in the procyclic form. To monitor the efficiency of RNAi, we tagged the endogenous FAZ2 with a triple HA epitope in cells harboring the FAZ2 RNAi construct. Western blot showed that upon RNAi induction, FAZ2::3HA remained in the cytoskeletal pellet fraction but was gradually reduced to an undetectable level after 48 h of RNAi (Fig.   1B ). This depletion of FAZ2 inhibited cell proliferation (Fig. 1C) , resulting in the accumulation of cells with multiple (>2) nuclei to ~50% of the total population after RNAi for 72 h (Fig. 1D) , suggesting defective cytokinesis. The most striking defect was flagellum detachment, which occurred as early as 16 h after RNAi, and after 48 h more than 80% of the cells contained detached flagella (Fig. 1E ). Flagellum detachment occurred on all cell types, including 1N1K (one nucleus and one kinetoplast), 1N2K, 2N2K and polyploid cells.
FAZ2 RNAi disrupts the FAZ filament and destabilizes FAZ filament proteins
Flagellum detachment appeared to be attributed to defective assembly of the new FAZ filament as shown by anti-FAZ1 immunostaining. In all FAZ2-depleted cells with a detached flagellum, FAZ1 was detected at the short, new FAZ filament and the full-length old FAZ filament ( Fig. 2A) , suggesting that FAZ2 is required for assembly of the new FAZ, but not the old FAZ. Due to mal-formation of the new FAZ filament, we hypothesized that FAZ1 was accumulated in the cytosol upon FAZ2 RNAi. To test this possibility, we prepared cytosolic and cytoskeletal fractions for western blot to monitor the distribution and level of FAZ1, which was endogenously tagged with a triple HA epitope in FAZ2 RNAi cells. FAZ2 RNAi was induced for 24, 48 and 72 h, and western blot was carried out to detect FAZ1 level in the cytosolic and cytoskeletal fractions. The results showed that FAZ1 level in the cytoskeletal fraction started to decrease after RNAi for 24 h and was reduced to a very low level after 72 h (Fig. 2B) . Instead, FAZ1 level in the cytosolic fraction was initially increased after 24 h of RNAi but then gradually decreased (Fig. 2B ). Despite this increase in the cytosol, however, the total amount of FAZ1 (in both the cytosolic and cytoskeletal fractions) at 72 h was significantly lower than that in the non-induced control cells (Fig. 2B) , suggesting that FAZ1 was probably degraded. To confirm this, we treated the FAZ2 RNAi cells with MG-132, an inhibitor of the 26S proteasome. Cells induced for 72 h were chosen because at this time point the RNAi cells were still alive and had the lowest level of FAZ1. The results showed that FAZ1 was stabilized in the cytosolic fraction, albeit there was also a slight increase in FAZ1 level in the cytoskeletal fraction (Fig. 2C) . These results suggest that upon FAZ2 depletion, the majority of FAZ1 was accumulated in the cytosol, where it was subsequently degraded.
To test whether the effect of FAZ2 RNAi on FAZ1 stability is specific, we examined another FAZ filament protein, Tb927.7.3330 (Morriswood et al., 2013) . Immunofluorescence microscopy showed that endogenously 3HA-tagged Tb927.7.3330 was detected at the short, new FAZ filament and the old FAZ filament in FAZ2 RNAi cells (Fig. 2D ), similar to FAZ1 ( Fig. 2A) . Western blot showed that Tb927.7.3330 level started to decrease after FAZ2 RNAi for 24 h and was decreased to about 30% of the control level after 72 h (Fig. 2E) . When MG-132 was added to the RNAi cells, Tb927.7.3330 was stabilized (Fig. 2F) , suggesting that this protein was also degraded upon FAZ2 RNAi.
Identification of new FAZ filament proteins by 2D DiGE
The effect of FAZ2 RNAi on FAZ1 and Tb927.7.3330 stability suggests that FAZ2 depletion may exert a similar effect on all of the FAZ filament proteins, which may allow us to identify new FAZ filament proteins by a comparative proteomic approach. To this end, we prepared cytoskeletons of noninduced control cells and FAZ2 RNAi cells induced for 1 and 2 days for 2D-DiGE (Two-Dimensional Difference Gel Electrophoresis) analysis ( Fig. 3A and Fig. S1 ). We focused on those proteins whose levels were reduced upon FAZ2 RNAi for both time points, and based on this criterion we selected 20 protein spots for mass spectrometry. 14 out of the 20 proteins thus identified have been reported to associate with the flagellum, eight of which were previously found in the flagellum proteome and are of unknown function (Broadhead et al., 2006) and six of which were previously identified as components of the PFR (Portman et al., 2009) (Table S1 ). Since we aimed to identify new FAZ filament proteins, only the eight flagellum-associated hypothetical proteins were further characterized. Each of the eight proteins was tagged with a triple HA epitope and expressed from their respective endogenous locus, and immunofluorescence microcopy showed distinct localizations (Fig. S2 ). One protein (Tb927.4.2060) was localized to the FAZ filament and was named FAZ8, one protein (Tb927.8.6230) was localized to the flagellum, two proteins were localized to both the flagellum and the cytoplasm, one protein was localized to both the flagellum and the cytoskeleton, and three proteins were localized to the cytoskeleton (Fig. S2 ).
Based on the localizations of the eight proteins and the previous work on the six PFR proteins (Portman et al., 2009) , the 14 proteins that were down-regulated in FAZ2 RNAi cells were assigned to six distinct groups: FAZ protein, flagellum proteins, flagellum and cytoplasm proteins, flagellum and cytoskeleton proteins, cytoskeleton proteins, and PFR proteins (Table S1 ). None of the known FAZ filament proteins including FAZ2 itself were among the 20 protein spots selected for mass spectrometry. It should be noted that many protein spots on the 2D gel ( Fig. S2 ) that showed decreased levels after FAZ2 RNAi were not selected for mass spectrometry due to budget constraint. FAZ2 and other known FAZ proteins might be among those unselected protein spots. Nevertheless, this experiment still enabled us to identify FAZ8.
Moreover, it also showed that some PFR components and some flagellum and cytoskeleton proteins were affected by FAZ2 depletion ( Fig. 3 and Table S1 ), which further confirmed that flagellum adhesion may involve proteins from the FAZ filament, the PFR, and the cytoskeleton (Ginger et al., 2013; Rotureau et al., 2014; Sun et al., 2013) .
To confirm that these proteins were indeed affected by FAZ2 RNAi, we chose three proteins from three different groups, FAZ8 as a FAZ filament protein, Tb927.11.2610 as the representative of those cytoskeletal proteins, and PFC7 as the representative of those PFR proteins, for further characterization.
Each of the three proteins was tagged with a triple HA epitope and expressed from their respective endogenous locus in FAZ2 RNAi cell line. Cells induced for FAZ2 RNAi for different times were assayed by western blot to detect the levels of the three proteins in cytosolic and cytoskeletal fractions. In non-induced control cells, all three proteins were mainly detected in the cytoskeletal fraction ( Fig. 3B-D) .
FAZ8 level started to decrease after FAZ2 RNAi for 24 h (Fig. 3B) . Tb927.11.2610 level was also gradually decreased, but was only slightly (~30%) reduced after FAZ2 RNAi for 72 h (Fig. 3C) .
Interestingly, Tb927.11.2610 in the cytosolic fraction appeared to be slightly increased (Fig. 3C), suggesting that a small amount of Tb927.11.2610 was accumulated in the cytosol upon FAZ2 RNAi.
Unlike FAZ8 and Tb927.11.2610, PFC7 was moderately affected, with its level decreased to ~25% of the control level after FAZ2 RNAi for 72 h (Fig. 3D ).
Immunofluorescence microscopy further showed that FAZ8 was detected at the short, new FAZ filament and the old FAZ filament in FAZ2 RNAi cells (Fig. 3E ). To examine whether FAZ8 was degraded upon FAZ2 RNAi, MG-132 was added to FAZ2 RNAi cells, and western blot showed that FAZ8 was stabilized (Fig. 3F ). This result suggests that FAZ8 was indeed degraded upon FAZ2 RNAi.
FAZ2 forms a complex with CC2D and KMP11
To identify potential FAZ2 partner(s), we expressed FAZ2 tagged with a C-terminal PTP (Protein A-TEV-Protein C) epitope (Schimanski et al., 2005) from one of its endogenous loci and carried out immunoprecipitation. To solubilize FAZ2 and its potential interacting partner(s) from the FAZ filament, cells were treated with high salt (500 mM NaCl) and lysed by thorough sonication prior to immunoprecipitation. The immunoprecipitate was eluted with Rapigest, digested with trypsin and analyzed by LC-MS/MS. Peptides of three proteins, FAZ2, CC2D (Zhou et al., 2011), and KMP11 (Li and Wang, 2008) , were highly enriched in the immunoprecipitate (Table S2 ), suggesting that CC2D and KMP11 may be FAZ2 partners. To confirm their in vivo interactions, co-immunoprecipitation was performed, which showed that immunoprecipitation of FAZ2::PTP and KMP11::PTP both pulled down CC2D (Fig. 4A, B) and immunoprecipitation of KMP11::PTP precipitated FAZ2::3HA (Fig. 4C) . These results suggest that FAZ2, CC2D and KMP11 form a complex in vivo.
Interdependence of FAZ2, CC2D and KMP11 for protein stability
The identification of KMP11 as a FAZ2 partner is unexpected since KMP11 was previously shown to localize to the flagella and the basal body despite that RNAi of KMP11 disrupted the new FAZ filament (Li and Wang, 2008) . In the previous report, localization of KMP11 was determined using paraformaldehyde-fixed intact cells, which might not be able to separate the KMP11 fluorescence signal in the FAZ filament from that in the flagellum if KMP11 also localizes to the FAZ filament. To test whether KMP11 additionally localizes to the FAZ filament, we prepared detergent-extracted cytoskeletons, through which the FAZ filament and the flagellum can be separated due to detergent treatment. Immunofluorescence microscopy showed that endogenously HA-tagged KMP11 was indeed localized to the FAZ filament (Fig. 5A , solid white arrows), as shown by co-localization with CC2D, in addition to the flagellum and the basal body (Fig. 5A) . Moreover, KMP11::HA was also detected in the nucleus (Fig. 5A , open white arrows), which agrees with its role in mitosis as reported previously (Li and Wang, 2008) .
Since FAZ2 forms a complex with CC2D and KMP11, we examined the effect of FAZ2 depletion on the localization and stability of CC2D and KMP11. Upon FAZ2 RNAi, CC2D was detected at the short, new FAZ filament and the old FAZ filament (Fig. 5A ), but endogenously HA-tagged KMP11 was not readily detectable at the short, new FAZ filament (Fig. 5A) . We then examined the levels of CC2D and KMP11 in FAZ2 RNAi cells. Western blot showed that CC2D and endogenously PTP-tagged KMP11 in the cytoskeletal fraction were decreased to about 50% and 75% of the control level, respectively (Fig. 5B) . KMP11 level in the cytosolic fraction, however, appeared to be unchanged (Fig.   5B ). In the presence of MG-132, CC2D and KMP11 in the cytoskeletal fraction were stabilized (Fig. 5B) .
These results suggest that FAZ2 depletion partially destabilized CC2D and KMP11. The partial destabilization of KMP11 by FAZ2 RNAi could be attributed to the fact that KMP11 localizes to multiple structures and that only FAZ filament-localizing KMP11 was affected by FAZ2 RNAi.
Similar to the effect of FAZ2 depletion on the stability of CC2D and KMP11, KMP11 RNAi impaired the stability of FAZ2 and CC2D (Fig. 5C, D) , and CC2D RNAi destabilized FAZ2 and KMP11 (Fig. 6) .
FAZ filament proteins are incorporated into the FAZ filament from the proximal region
The presence of a short, new FAZ filament upon FAZ2 RNAi (Fig. 2) (Fig. 7A, 6 h, arrow and Fig. 7B ). However, FAZ2::3HA in the old FAZ filament was first detected at 2 h but was not significantly extended after induction for 6 h (Fig. 7A, arrowheads) or even 8 h (Fig.   7B ) in the majority (~90%) of the 2N2K cells examined. We found that lower or higher levels of FAZ2::3HA induced with lower or higher concentrations of tetracycline produced almost identical results (data not shown). Moreover, similar pattern of FAZ8 incorporation was also observed (Fig. S3), suggesting that FAZ filament proteins may follow the same direction of incorporation.
Since KMP11 localizes to the flagellum and the FAZ filament, we ectopically overexpressed KMP11 so that we can examine its incorporation into the flagellum and the FAZ simultaneously. At 2 h post induction, KMP11::3HA was detected at the proximal base of the new FAZ filament (Fig. 8A,   arrow) . Subsequently, the signal was gradually extended to the distal tip of the new FAZ filament (Fig.   8A, arrows) , similar to the pattern of FAZ2::3HA and FAZ8::3HA incorporation. In the flagellum, however, KMP11::3HA was detected in the distal end of the new flagellum at 2 h of induction (Fig. 8A, arrowhead and Fig. 8B ) and then was gradually extended toward the proximal region of the new flagellum after induction for longer times (Fig. 8A, arrowheads and Fig. 8B ), suggesting that KMP11 in the flagellum was incorporated from the distal end of the flagellum. Using a similar overexpression approach, the PFR component PFR2 (Bastin et al., 1999) was also found to be incorporated from the distal tip of the flagellum. Altogether, these results suggest that the FAZ filament components are incorporated into the new FAZ filament from the proximal region. It appears to be opposite to the direction of incorporation of flagellum components, which are incorporated into the new flagellum from the distal end (Fig. 8C) .
Discussion
Although the roles of the FAZ filament in maintaining flagellum adhesion and defining the cytokinesis cleavage plane have been well understood, our knowledge about the composition and assembly of the FAZ filament is still very limited. Up to date, as many as nine proteins, four of which contain trans-membrane domains, have been localized to the FAZ filament, suggesting the complexity of the composition of the FAZ filament. In this report, we added two novel proteins, FAZ2 and FAZ8, to the list of FAZ filament proteins. FAZ2 was identified by screening known flagellum-associated proteins for FAZ filament-localizing proteins (Zhou et al., 2010) , and FAZ8 was discovered by a comparative proteomic approach to search for proteins down-regulated upon FAZ2 depletion (Fig. 3) . Both FAZ2 and FAZ8 contain a number of coiled coil motifs but lack any predicted trans-membrane domain, suggesting that they may function as structural components of the FAZ filament. While FAZ2 is essential for cell viability (Fig. 1) , RNAi of FAZ8 in the procyclic form did not show any growth defect (data not shown), suggesting that either FAZ8 is dispensable in the procyclic form or RNAi of FAZ8 is insufficient to reveal any defects. Previous genome-wide RNAi screen showed that FAZ8 is not essential in the procyclic form, but causes growth defect in the bloodstream form (Alsford et al., 2011) . The function of FAZ8 in the bloodstream form remains to be explored.
Through immunoprecipitation, we identified a FAZ filament protein complex formed by FAZ2, CC2D and KMP11 (Fig. 4 and Table S2 ). RNAi of each of the three proteins resulted in full detachment of the new flagellum (Figs 2, 5, 6 ), which differs from the FAZ1 RNAi that caused partial flagellum detachment (Vaughan et al., 2008) . It suggests that different FAZ proteins may play distinct roles in FAZ filament assembly and flagellum adhesion. However, it should be noted that CC2D is additionally localized to basal body (Zhou et al., 2011) and KMP11 is additionally localized to basal body, flagellum, and nucleus (Fig. 5) , suggesting that CC2D and KMP11 may play additional roles, whereas FAZ2 is probably only involved in FAZ filament assembly.
FAZ2 depletion appeared to exert profound effects on the cytoskeletal structures along the FAZ filament by affecting the stability of multiple FAZ filament proteins and several cytoskeleton and flagellum proteins (Figs 2 and 3 and Table S1 ). This finding suggests that flagellum adhesion involves proteins from the FAZ filament, the flagellum and the cytoskeleton. While the requirement of FAZ proteins for flagellum adhesion has been well established (Oberholzer et al., 2011; Vaughan et al., 2008; Woods et al., 2013; Zhou et al., 2011) , the involvement of flagellum proteins, especially the PFR proteins, in flagellum adhesion was recently demonstrated (Ginger et al., 2013; Rotureau et al., 2014) . Our finding that FAZ2 depletion affected six PFR proteins (Table S1 and Fig. 3 ) suggests the involvement of additional PFR proteins in flagellum adhesion. However, it should be noted that these PFR proteins were only moderately affected upon FAZ2 RNAi (Fig. 3D and Fig. S1 ), which did not disrupt the overall structure of the PFR (data not shown). Unlike the PFR protein and the cytoskeleton protein (Fig. 3C, D) , however, the FAZ proteins were more drastically affected (Fig. 2 and Fig. 3B ). It appears that when FAZ2 was depleted, other FAZ filament proteins investigated in this study, whether they interact with FAZ2 or not, were all destabilized. This interesting finding tempts to suggest that it is the defective assembly of the new FAZ filament, but not the depletion of individual FAZ filament proteins per se, that caused destabilization of FAZ filament proteins. In this regard, proper assembly of the FAZ filament appears to be necessary to maintain the stability of FAZ filament proteins.
Our result also demonstrated that FAZ filament proteins are incorporated into the new FAZ filament from the proximal region near the flagellar pockect, which has been reported previously by us with overexpressed FAZ2 (Zhou and Li, 2014 ). This conclusion is further supported by the fact that ectopically overexpressed FAZ2, FAZ8 and KMP11 were all first incorporated into the proximal region of the new FAZ filament (Figs 7, 8 and S3 ). This pattern of incorporation apparently is opposite to that of the flagellum components, such as KMP11 (Fig. 8) and PFR2 (Bastin et al., 1999) , which are incorporated from the distal tip of the new flagellum. While this article was in revision, Sunter and colleagues reported the identification of eight new FAZ proteins by proteomics and bioinformatics (Sunter et al., 2015) , which also include FAZ2 and FAZ8 identified in this work. By overexpressing eYFP-tagged FAZ proteins, they also showed that FAZ filament proteins were incorporated into the FAZ filament from the proximal region, which is in contrast to the incorporation of PFR2 into the flagellum (Sunter et al., 2015) . Our results therefore provided independent evidence to support that the FAZ filament and the flagellum have distinct assembly sites, i.e., proximal region and distal end, respectively (Fig. 8C) . In T. brucei, assembly of the new flagellum and its FAZ filament must be well coordinated.
Although they both originate from the proximal base and extend to the anterior tip, components of the flagellum and the FAZ filament appear to be incorporated in opposite directions during their biogenesis. It remains unclear how trypanosome cells coordinate the elongation of the new flagellum and its FAZ filament to ensure proper cell morphogenesis.
Assembly of the new FAZ filament appears to be initiated from the bilobe region (Esson et al., 2012 ) by initially forming a short FAZ root around the bilobe, which likely represents the initial FAZ nucleation and is known to occur before, and independently of, the assembly of the new flagellum (Kohl et al., 2003; Kohl et al., 1999) . Through unknown mechanisms, this short FAZ root was maintained when FAZ filament proteins, such as FAZ2, CC2D, or KMP11, were depleted (Figs 2, 3, 5, 6 ) and when the flagellum protein FLAM3 was depleted (Rotureau et al., 2014) . It is unclear whether the bilobe structure plays any role to help assemble this short FAZ root, but inhibition of bilobe formation by RNAi of TbLRRP1 completely abolished the assembly of the new FAZ filament, including the short FAZ root (Zhou et al., 2010) . Additionally, cells depleted of BIBLO-1, a flagellar pocket collar component, also completely disrupted the new FAZ filament and the short FAZ root (Bonhivers et al., 2008) . Given the physical association between the fishhook of the bilobe structure and the flagellar pocket collar (Esson et al., 2012) , it is unclear whether defective assembly of the flagellar pocket collar caused by BILBO-1 depletion disrupts bilobe duplication. Nevertheless, the involvement of bilobe and flagellar pocket collar in FAZ filament assembly might suggest the coordination between the assembly of the FAZ filament and the biogenesis of bilobe and flagellar pocket collar.
Materials and Methods
Trypanosome cell lines, RNAi and protein overexpression
The procyclic 427 cell line was cultured at 27 o C in SDM-79 medium containing 10% fetal bovine serum (Atlanta Biologicals, Inc). The procyclic 29-13 cell line (Wirtz et al., 1999) was grown in the SDM-79 medium plus 10% fetal bovine serum, 15 µg/ml G418, and 50 µg/ml hygromycin.
For RNAi of FAZ2, CC2D and KMP11, DNA fragments (see Table S3 for primer sequences)
corresponding to the N-terminal coding region of FAZ2 and CC2D and the full-length sequence of KMP11 were each cloned into the pZJM vector. Transfection, generation of clonal cell lines, and RNAi were carried out according to our published procedures (Wei et al., 2014) .
To overexpress 3HA-tagged FAZ2, FAZ8 and KMP11, the full-length CDS of the three genes were each cloned into pLew100-3HA vector, and the resulting constructs were transfected into 29-13 cell lines.
Clonal cell lines were generated by limiting dilution in a 96-well plate by adding 20% fetal bovine serum to the medium. To induce the overexpression of these proteins, different concentrations of tetracycline (0.1 µg/ml, 0.5 µg/ml, and 1.0 µg/ml) were added into the cell culture to achieve different levels of overexpressed proteins.
In situ epitope tagging of proteins
For endogenous epitope tagging of proteins, DNA fragments corresponding to the C-terminal coding region of FAZ2 and other genes were each cloned into the pC-3HA-PAC or pC-3HA-NEO or pC-PTP-PAC vectors, and DNA fragment corresponding to the N-terminal coding region of PFC7 was cloned into the pN-3HA-PAC vector. Transfection was carried out as described above. Transfectants were selected with 1.0 µg/ml puromycin or 40 µg/ml G418 and cloned by limiting dilution. Successful gene tagging was confirmed by PCR and subsequent sequencing of the PCR fragment as well as by Western blot with anti-HA antibody or anti-Protein A antibody (Sigma-Aldrich).
Immunoprecipitation of the FAZ2 complex and LC-MS/MS
For PTP tagging of FAZ2, a 653-bp fragment of FAZ2 gene corresponding to the C-terminal coding region was cloned into the pC-PTP-NEO vector (Schimanski et al., 2005) , and the resulting construct was 
Protein stability assay
Cells induced for FAZ2 or CC2D RNAi for 40 h or 64 h and for KMP11 RNAi for 32 h were split to two flasks. One was incubated with 1.0 µg/ml tetracycline, and the other was incubated with 1.0 µg/ml tetracycline and 50 µg/ml MG-132 (Selleckchem, Houston, TX) for an additional 8 h. Cells (1×10 7 ) were then lysed in 40 µl PEME buffer (100 mM PIPES, pH 6.9, 2 mM EGTA, 0.1 mM EDTA, 1 mM MgSO4)
containing 1% NP-40, centrifuged to separate cytosolic (soluble) and cytoskeletal (pellet) fractions. 40 µl of PEME buffer containing 1% NP-40 was then added to the pellet fraction. Subsequently, 10 µl of 5× SDS-PAGE sampling buffer was added to each of the two fractions and boiled. 20 µl of each sample was used for Western blot with anti-HA antibody to detect 3HA-tagged proteins or with anti-CC2D. The same blots were then re-probed with anti-α-tubulin mAb (Sigma-Aldrich) and anti-TbPSA6 pAb, which recognizes the α6 subunit of the 26S proteasome (Li et al., 2002) , as the cytoskeleton and cytosol markers, respectively. Protein band intensity was measured by ImageJ and normalized with that of the cytosolic and cytoskeletal loading controls, respectively. At least three independent experiments were carried out.
Two-dimensional DiGE
Non-induced control cells and FAZ2 RNAi-induced cells (2×10 8 ) were washed with PBS, treated with PEME buffer containing 1% NP-40 and protease inhibitor cocktail (Roche), and centrifugated at the highest speed in a microcentrifuge for 10 min at 4 o C. The cytoskeleton was then lysed in 2-D cell lysis buffer (30 mM Tris-HCl, pH 8.8, containing 7 M urea, 2 M thiourea and 4% CHAPS) by sonication on ice. The lysate was centrifugated at 11,000 ×g for 30 min at 4 o C.
CyDye labeling and 2D-DiGE were carried out at Applied Biomics, Inc. Image was scanned immediately after SDS-PAGE using Typhoon TRIO (GE Healthcare) according to the manufacturer's instruction. The scanned images were analyzed by Image QuantTL software (GE-Healthcare), and subject to in-gel analysis and cross-gel analysis using DeCyder software version 6.5 (GE-Healthcare). The ratio change of proteins was obtained from in-gel DeCyder software analysis.
Trypsin digestion, mass spectrometry, and database search
The protein spots on the 2D gel were picked up by Ettan Spot Picker (GE Healthcare) based on the in-gel analysis and spot picking design by DeCyder software. The gel spots were washed a few times with water and digested in-gel with modified porcine trypsin protease (Trypsin Gold, Promega). The digested tryptic peptides were desalted by Zip-tip C18 (Millipore). Peptides were then eluted from the Zip-tip with 0.5 µl of matrix solution (a-cyano-4-hydroxycinnamic acid, 5 mg/ml in 50% acetonitrile, 0.1% trifluoroacetic acid, 25 mM ammonium bicarbonate) and spotted on the MALDI plate.
MALDI-TOF (MS) and TOF/TOF (tandem MS/MS) were performed on a 5800 mass spectrometer (AB Sciex). MALDI-TOF mass spectra were acquired in reflectron positive ion mode, averaging 2000 laser shots per spectrum. TOF/TOF tandem MS fragmentation spectra were acquired for each sample, averaging 2000 laser shots per fragmentation spectrum on each of the 10 most abundant ions present in each sample (excluding trypsin autolytic peptides and other known background ions).
Both the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search engine (Matrix science) to search the database of National Center for Biotechnology Information non-redundant (NCBInr). Searches were performed without constraining protein molecular weight or isoelectric point, with variable carbamidomethylation of cysteine and oxidation of methionine residues, and with one missed cleavage allowed in the search parameters. Candidates with either protein score C.I.% or Ion C.I.% greater than 95 were considered significant. FP: flagellar pocket.
